We report on the spectral broadening of $1 J 30 fs pulses propagating in an Ar-filled hollow-core photonic crystal fiber. In contrast with supercontinuum generation in a solid-core photonic crystal fiber, the absence of Raman and unique pressure-controlled dispersion results in efficient emission of dispersive waves in the deep-UV region. The UV light emerges in the single-lobed fundamental mode and is tunable from 200 to 320 nm by varying the pulse energy and gas pressure. The setup is extremely simple, involving <1 m of a gas-filled photonic crystal fiber, and the UV signal is stable and bright, with experimental IR to deep-UV conversion efficiencies as high as 8%. The source is of immediate interest in applications demanding high spatial coherence, such as laser lithography or confocal microscopy. DOI: 10.1103/PhysRevLett.106.203901 PACS numbers: 42.65.Re, 42.79.Nv, 42.81.Dp Photonic crystal fiber (PCF) provides a means of eliminating the diffraction of laser light in gases while offering precise control of group velocity dispersion and long lowloss interaction paths [1] . Filled with H 2 , for example, it is highly effective in Raman wavelength conversion [2] [3] [4] . When a noble gas such as Ar is used, there is no Raman response, making it possible to study third-order Kerr nonlinearities in a system that has all the advantages of a conventional single-mode optical fiber while offering (in the case of a kagome-lattice hollow-core PCF) pressuretunable dispersion and nonlinearity [ Fig. 1(a) ] [5] [6] [7] . Further significant advantages include the UV transparency of the gas-filled core and its very low susceptibility to optical damage and solarization.
Photonic crystal fiber (PCF) provides a means of eliminating the diffraction of laser light in gases while offering precise control of group velocity dispersion and long lowloss interaction paths [1] . Filled with H 2 , for example, it is highly effective in Raman wavelength conversion [2] [3] [4] . When a noble gas such as Ar is used, there is no Raman response, making it possible to study third-order Kerr nonlinearities in a system that has all the advantages of a conventional single-mode optical fiber while offering (in the case of a kagome-lattice hollow-core PCF) pressuretunable dispersion and nonlinearity [ Fig. 1(a) ] [5] [6] [7] . Further significant advantages include the UV transparency of the gas-filled core and its very low susceptibility to optical damage and solarization.
Here we report the efficient generation of ultrashort tunable UV pulses in an Ar-filled hollow-core photonic crystal fiber, through a favorable sequence of linear and nonlinear effects-low pressure-tunable dispersion, pulse compression due to a combination of self-phasemodulation and anomalous dispersion, self-steepening, and dispersive wave generation. A Ti:sapphire laser (30 fs, 800 nm) was used as the pump, pulse energies in the 1 J range being sufficient to produce a band of UV light with a central wavelength that is conveniently tunable from 200 to 320 nm by varying the Ar pressure or the pulse energy. The UV light emerges in a near-diffraction-limited spot with conversion efficiencies up to 8% and is generated over only a few centimeters of propagation. The setup is remarkably simple, involving a 20 cm length of gas-filled PCF, and the UV light is bright and stable with time. We believe that this unique source of wavelength-tunable ultrashort UV pulses at J pump pulse energies is likely to find immediate use in applications demanding high spatial coherence, such as laser lithography or confocal microscopy. It may also be useful in femtochemistry [8] , photobiology [9] , and UV-resonant Raman scattering [10] .
A broadband-guiding kagome-lattice hollow-core PCF was used in the experiments. The cladding had 250 nm thick glass nanowebs, an interhole spacing of 13:4 m, and a core diameter of 29:6 m. The measured transmission losses for the fundamental mode were 1:1 dB=m at the pump wavelength (800 nm) and 3 dB=m at 270 nm. The group velocity dispersion was calculated by using an established analytical model for the axial wave vector of the fundamental guided mode of the gas-filled PCF [7, 11] . It could be tuned over a wide range by changing the gas pressure [ Fig. 1(a) ]. The PCF ends were placed inside two gas cells, permitting the Ar pressure inside the fiber to be adjusted from 0 to 10 bar. Diagnostic tools included a spectrometer and a camera, both sensitive in the UV range. The 800 nm pump light was removed from the signal by multiple reflections at polarization-insensitive dichroic mirrors (Ultrafast Innovations GmbH), highly reflecting between 240 and 350 nm but transparent at 800 nm. The UV conversion efficiencies were then determined by using a calibrated, UV-sensitive power meter. The conversion efficiency was defined as the ratio of the UV power in the 240-350 nm band (mainly concentrated in a band $100 THz wide) to the total transmitted power. This does not take into account of the efficiency of launching light into the fiber, which in these experiments is typically 60%, but does include fiber losses in the UV band (the loss in the near-IR is negligible). Figure 1 (b) shows the resulting efficiency at 9.9 bar, measured for 20 cm and 1 m lengths of PCF. The efficiency is 8% for the longer fiber, the UV light first appearing at a threshold power of 0:29 J, corresponding to 0.29 mW cw or a peak power of $10 MW. For the shorter PCF, the threshold rises to $1 J, but interestingly the maximum conversion efficiency ($ 7%) is similar, though it occurs at a higher pump power. The position along the fiber where the UV light is generated could be clearly observed through strong visible side scatter. As the pump pulse energy was increased, this point moved back towards the input face of the fiber.
As the Ar pressure increases, the zero dispersion wavelength [ Fig. 1(a) ] and consequently the UV resonantradiation band shift to longer wavelengths. Figure 1(c) shows the evolution of the UV spectrum with pressure at a fixed pump energy of 1:5 J [12, 13] . The UV wavelength is broadly tunable (note that detector roll-off underestimates the power at the shortest UV wavelengths) with a peak conversion efficiency at 9.9 bar, in a band $100 THz wide centered at 260 nm. Both the near-field profile [ Fig. 1(c) , inset] and the measured beam divergence of the UV light confirm that it is generated in the single-lobed fundamental guided mode of the hollow core. Although the core supports higher-order modes in the UV, poor modal overlap with the pump light and the absence of phase matching to resonant radiation means that they are not excited. Figure 1(d) shows the dependence of the UV spectrum on the pump pulse energy for a 20 cm long fiber at a fixed pressure of 9.9 bar. Notable is the very low threshold energy and the fact that the UV wavelength can be tuned over a wide range simply by changing the pulse energy. No measurable spectral broadening was observed when the experiments were repeated in an evacuated PCF, indicating that the silica glass surrounding the core does not contribute significantly to the overall nonlinearity.
The results reported here should not be confused with our study of third-harmonic generation in an Ar-filled hollow-core PCF, where pressure-tunable phase matching was achieved between the fundamental mode at 800 nm and a higher-order mode at 266 nm. The third-harmonic generation conversion efficiencies were, however, very low due to a combination of group velocity walk-off, high UV attenuation (higher-order mode), and poor intermodal overlap [7] . Although both processes can occur simultaneously in certain pressure ranges, they do not interact to any significant degree. Their power dependence is also quite different, the deep-UV radiation appearing at a distinct threshold energy whereas the third-harmonic generation sets in as soon as phase matching is established.
To clarify the mechanism behind efficient deep-UV generation, the residual pump pulse characteristics at the fiber output were monitored by using a dispersionoptimized second-harmonic frequency resolved optical gating system [14] . In this system, all the optics before the crystal are reflective, and a split-mirror design is used to divide the beam. During the measurement, the pressure was kept constant at 9.9 bar and the pump carefully filtered out. At the onset of UV generation, the residual pump pulse emerging from the window of the gas cell had a FWHM duration of 10 fs [ Fig. 2(c) ]. By taking account of normal dispersion in the window glass, the pulse duration at the output face of the fiber is estimated to be 9 fs. At higher energies, the frequency resolved optical gating traces showed evidence of multiple peaks caused by pulse breakup, an observation confirmed in numerical simulations.
Since Ar gas is monatomic, we base our analysis on the generalized nonlinear Schrödinger equation with the Raman term removed:
where c is the complex envelope of the optical field, t is the time in a reference frame moving at the group velocity v of the input pulse, is the wavelength-dependent loss, is the axial wave vector (calculated by following Ref. [7] ), and F À1 is the inverse Fourier transform. As already mentioned above, the nonlinear contribution from the silica glass is experimentally negligible so that the nonlinear parameter can be written as ¼ n 2 !=ðcA eff Þ, where n 2 is the pressure-dependent nonlinear refractive index of Ar [15] and A eff the effective area of the core. At the pump wavelength and a pressure of 10 bar, $ 1:4 Â 10 À6 W À1 m À1 . Since neither A eff nor n 2 vary significantly over the wavelength range considered, can to a good approximation be considered wavelength-independent. The nonlinear term in Eq. (1) consists of the Kerr effect ijc j 2 c and the shock derivative term Àð=! 0 Þ@ t jc j 2 c , which gives rise to a frequency-dependent nonlinear coefficient [16] . The equation was solved by using a split-step Fourier method with an adaptive step size. To confirm its validity in the subcycle regime, the results were compared with the solutions of the unidirectional full-field equation [5, 17, 18] . Excellent agreement was found between the two methods.
Figures 3(a) and 3(b) show the spectrotemporal evolution of a 30 fs Gaussian pump pulse with energy 1:5 J. The pressure is 9.9 bar, resulting in a zero dispersion wavelength of 600 nm, a dispersion of À0:4 ps 2 =km at the pump wavelength, and a soliton order of 8.6 [19] . From the numerical simulations, it is apparent that the UV radiation is generated in two stages [ Figs. 3(a) and 3(b) ]. In the first stage (arrow d), the pump pulse compresses due to self-phase-modulation-induced spectral broadening in the presence of weak anomalous dispersion. The increased peak power results in strong self-steepening at the pulse trailing edge, culminating-since the nonlinearity is more intense in the UV part of the spectrum due to the shock derivative term-in a highly asymmetric spectrum with a long extension towards the UV spectral region on the opposite side of the zero dispersion wavelength [20] . In the second stage, the compressed pulse radiates into dispersive waves in the UV, which are guided along the fiber to the output, separating from the residual pump pulse due to strong group velocity walk-off (arrow f). Crucially, because of the weak group velocity dispersion and the absence of any Raman effect, the effects of the shock derivative are clearly observable, resulting in very unusual pulse dynamics. In particular, dispersive wave generation in the UV, which depends exponentially on the spectral amplitude at the high frequency pulse edge, is strongly enhanced by the spectral asymmetry induced by the shock derivative term.
At 9.9 bar, modeling shows that the conversion efficiency from 800 nm to the UV is 11.3% when the shock derivative is included, dropping to 3.2% when it is switched off [ Fig. 3(c) ]. These efficiencies compare quite well with the 7% measured in the experiment. Possible reasons for the disparity include pulse-length fluctuations (modeling shows that a 25% increase in pulse duration decreases the conversion efficiency by 2%) and underestimation of the transmission loss over the whole UV band.
From the simulations, we estimate that the UV pulse duration after generation [the top of the range marked e in Fig. 3(b) ] is 10 fs, thereafter broadening due to dispersion as it travels, reaching $50 fs at the fiber output. We note that a similar system was investigated in a recent paper, in a purely numerical study based on full-field solutions of the unidirectional form of Maxwell's equations [5] . Conversion efficiencies of 20% to the deep-UV region were predicted, but the shock derivative term was not identified as the principal cause. Figure 4 shows the modeled evolution of the spectrum for conditions similar to those in the experiments. First, the pulse energy is kept constant at 1:5 J and the Ar pressure varied from 4.5 to 10 bar, the dispersion and nonlinearity being modified accordingly [ Fig. 4(a) ]. Second, the pressure is fixed at 9.9 bar and pulses with energies ranging from 0.7 to 2 J launched [ Fig. 4(b) ]. The results compare well with the experimental measurements in Fig. 1 . Moreover, in both cases discrete bands appear in the spectrum as the pulse energy or pressure is increased. This is related to the soliton order N of the launched pump pulse [16] . For lower soliton orders, a new band appears when N increments by 1, while the existing band fades away. At higher pulse energies, the behavior becomes more complex.
Although the spectral broadening reported here has some similarities with supercontinuum generation in solid-core PCF [16] , in other respects it is significantly different. The use of noble gas as the active medium removes Raman scattering and prevents Raman-related frequency conversion to longer wavelengths. The uniquely low and pressure-adjustable dispersion of an Ar-filled kagome PCF permits the generation of dispersive waves at wavelengths much shorter than in solid-core PCFs. The unprecedentedly high conversion efficiency (up to 8%), low threshold pulse energies (290 nJ, peak power 9.6 MW), relatively broadband UV spectrum, wide wavelength tunability, extremely simple setup, reproducibly stable operation, generation in a diffraction-limited spot, and absence of color-center-related optical damage add further to the uniqueness of the source.
Numerical modeling at lower pressures and higher pulse energies predicts that wavelengths well into the vacuum UV (< 170 nm) can be generated. The use of other noble gases such as Xe, or gas mixtures, will confer more design freedom through a differing balance between dispersion and nonlinearity. We believe that the results reported here constitute an important milestone in the development of a compact, reliable, bright, tunable, spatially coherent, and efficient source of ultrashort deep-UV light pulses. 
